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ABSTRACT 
 
 This thesis presents a compilation of the latest research on J/Ψ polarization and 
bremsstrahlung along with the background surrounding the J/Ψ’s history. It covers the 
fundamentals of the standard model, quantum chromodynamics, deep inelastic scattering, and the 
calculations behind charm-anticharm production from hadron collisions. It shows research that’s 
centered on recombining identified bremsstrahlung with di-electron pairs to improve the J/Ψ 
invariant mass peak.  The research for polarization studies simulated J/Ψ di-electron pairs with 
no polarization and pT between 0.0 to 1.5 GeV in the central arm. The PHENIX detector 
systems, namely the drift chamber, electromagnetic calorimeter, and RICH, are used to identify 
electrons. To examine the quality of the polarization fit, χ2 methods are used to scrutinize the 
simulated data. 
 The bremsstrahlung research shows that there is a clear indication that bremsstrahlung 
can be identified at an opening angle less than 0.07 radians from their parent electron, and they 
are mostly found on the western half of the detector. In the polarization study, simulations show 
that measuring the polarization in the central arm would be feasible if one were to examine the 
real data using the same methods. 
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CHAPTER 1. INTRODUCTION 
 
 In the mid 1970’s, the J/Ψ particle gave the first experimental confirmation of the charm 
quark. But while the production of charm and anti-charm quark pairs is understood today, the 
method behind which they hadronize to form a J/Ψ is still under investigation. Several models 
have attempted to explain the mechanism with varying predictions as to what its spin 
polarization is. For the PHENIX collaboration in particular, the J/Ψ’s polarization has been well 
measured in its muon arms, but not in its central arms. My main contribution to the PHENIX 
collaboration is a study on the polarization by examining di-electron pairs from J/Ψ decay in the 
central arm. In addition, I’ve also provided a method by which one can identify bremsstrahlung 
from di-electron pairs and recombine them to create a more accurate invariant J/Ψ mass. 
 In Chapter 2 I will go over the fundamentals of the standard model. This will lead into the 
dynamics of quarks and gluons in quantum chromodynamics (QCD) and their experimental 
confirmation in deep inelastic scattering (DIS). It will end by briefly going over the J/Ψ’s 
discovery and the launch of the November Revolution. Chapter 3 introduces the hard scattering 
parameters used to measure the probability of a charm-anticharm pair produced from two 
colliding hadrons. It ends by covering the various hadronization models for J/Ψ and the frames 
of reference used. Chapter 4 shows the instrumentation used in PHENIX’s central arms to 
identify electrons and the parameters used. Chapters 5 and 6 cover the bremsstrahlung 
recombination and J/Ψ polarization studies respectively. 
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CHAPTER 2. BACKGROUND 
 
 The following chapter will introduce the essentials behind the standard model as well as 
the principles of quarks, gluons, and their interactions through quantum chromodynamics 
(QCD). QCD, specifically perturbative QCD, is an essential part of the theoretical models of J/Ψ 
hadronization. 
Chapter 2.1. Standard Model 
 The standard model is the current model in physics that describes the behavior of three 
out of the four fundamental forces in nature and their interaction with the elementary particles at 
the subatomic level. The elementary particles are as follows: 
 • 6 elementary particles are quarks, which carry a flavor charge, an electric charge, color 
charge, mass, and spin ½. A large number of measured particles are made out of quarks, and are 
called hadrons.  
 • 6 particles are called leptons. All 6 of them carry flavor charge, mass, and spin ½. But 
only 3 of them carry electric charge. 
 • 4 particles are gauge bosons, which have spin 1. They are the force carriers of 3 out of 4 
of the fundamental forces: the gluon for the strong nuclear force, the photon for the 
electromagnetic force, and the W and Z bosons for the weak nuclear force.  
 • The Higgs boson, whose field explains why particles have mass. 
 Three of the fundamental forces, strong nuclear force, electromagnetism, and the weak 
nuclear force, fit within the model. Gravity, however, does not have a model that can describe its 
interactions with the other forces at the subatomic level. In addition to this, the standard model 
does not currently explain several unsolved questions about the universe. It does not explain the 
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imbalance of matter to antimatter at the beginning of the universe, the identity of dark matter, as 
well as the expansion of the universe due to dark energy. 
Chapter 2.2. Quarks and Gluons 
 Quantum Chromodynamics (QCD) is the theory that describes the interactions of the 
strong nuclear force. Its namesake comes from the use of the abstract quantity called color 
charge to explain the behavior of quarks and gluons, also referred to as partons. There are three 
color charges and three anti-color charges in QCD: red, green, blue, anti-red, anti-green, and 
anti-blue. Quarks carry a single color charge, and anti-quarks carry an anti-color charge. Gluons, 
the force carrier of the strong force, carry a color and an anti-color charge. In QCD, the total 
color of a system of quarks is neutral, shown in Figure 1 of a J/Ψ particle’s valence quarks, a 
charm and anti-charm quark. 
 
Figure 1. Example showing a charm quark carrying color, and anti-charm quark carrying an 
anti-color. 
 
 Color charge is analogous to electric charge in electromagnetism. But in contrast to 
quantum electrodynamics (QED), the force carrier in QCD carries a charge. In QED, there is 
only one Feynman vertex possible: a photon connecting to an incoming and outgoing charged 
particle, shown in Figure 2. 
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Figure 2. Feynman vertex for a photon connecting to a charged particle, the only vertex allowed 
for QED. Time is flowing to the right in the diagram. 
 
 Because the gluon carries two color charges, they can couple to themselves. And from 
this there are three Feynman vertices possible, shown in Figure 3: 
 
 
Figure 3. Feynman vertices for QCD. 
 
 The difference in the possible couplings leads to critical contrasts in the loop diagrams 
between QED and QCD at higher order. In QED and QCD, there are virtual quark-antiquark pair 
loops within the vacuum that exist between the scattering particles, shown in the QCD loop 
diagram shown in Figure 4: 
 
Figure 4. A virtual quark-antiquark loop. [2] 
This leads to what’s referred to as a screening effect where the closer the particles are, or the 
larger the momentum transfer is between particles, the higher the coupling constants are. 
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However, in QCD, there are virtual gluon loops between the interacting partons in addition to the 
virtual quark-antiquark loops, shown in Figure 5: 
 
Figure 5. A virtual gluon loop. [2] 
This produces an anti-screening effect where the closer the two partons are, or the larger the 
momentum transfer is between them, the weaker the strong coupling constant is. In QCD, this 
anti-screening effect from gluon loops dominates over the screening effect from quark-antiquark 
loops, shown in Figure 6. The values found were taken from various experiments, including deep 
inelastic scattering (DIS), jets from di-electron annihilation, hadron collisions, and heavy flavor 
quarkonia decay [1]. The line encompassing the data points is the predicted value of the coupling 
constant from QCD. 
 
 
Figure 6. The strong coupling constant, αs, as a function of the momentum transfer, Q, between 
particles [1]. 
 
 This phenomenon of the coupling constant going up at low momentum transfer leads to a 
field of study called perturbative QCD (pQCD) where loop diagrams contribute more. This also 
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is the region of quark confinement in hadrons where the coupling constant is large. Conversely, 
the region of high momentum transfer is known as the region of asymptotic freedom, where the 
partons interact loosely. 
Chapter 2.3. Deep Inelastic Scattering (DIS) 
 Up until the late 1960’s and early 1970’s, quarks were considered to be purely 
theoretical. It was not until 1968, with the use of deep inelastic scattering on protons, was there 
possible evidence of quarks as physical objects. Deep inelastic scattering involves the use of 
high-energy electrons to probe the particles that make up a hadron. Because electrons do not 
interact through the strong nuclear force, the only interaction that’s dominant in DIS is the 
Coulomb repulsion between them and the constituent quarks. This allows for the strong 
processes between partons to not be effected by the incoming probe. What DIS showed was that 
the electrons were scattering off of point like particles that make up the proton. These particles 
were identified as quarks. However, it was determined that the quarks did not account for the 
whole momentum of the hadron. It was reasoned that there must be another parton, now called 
the gluon, which held the quarks together and accounted for the remaining momentum. Through 
further probing, DIS showed a finer structure between the valence quarks consisting of heavy 
quark-antiquark loops and gluon loops that makes up the particle as exemplified in Figure 7. 
 
 
Figure 7. Cartoon of a proton with its valence quarks and quark-antiquark loops that make up 
its finer structure. 
		
7	 	
The studies in DIS also led to the definition of parton distribution functions, PDFs, which define 
the probability of a parton carrying a momentum fraction from its parent hadron. 
Chapter 2.4. History of the J/Ψ 
 The J/Ψ is a hadron that is composed of a charm and anti-charm quark. It was 
simultaneously discovered at SLAC in California and BNL in New York in the November of 
1974 giving rise to its dual name. Figure 8 is the di-electron invariant mass plot produced by 
SLAC in 1974 showing the J/Ψ signal at 3.09 GeV.  
 
Figure 8. The di-electron invariant mass plot with the J/Ψ signal shown. [3]. 
 Its discovery not only gave experimental confirmation of the charm quark, but also 
launched a famous event in physics history known as the November Revolution. So called 
because, within the next few years following November 1974, it also gave the confirmation of 
the bottom quark as well the tau lepton [6]. In the current understanding of physics, it is well 
known how often the charm quark is produced from heavy ion collisions. But there is not yet a 
solid confirmation on how the charm-anticharm quark pair comes together, or hadronizes, into a 
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J/Ψ. The J/Ψ is also a prime target for studying pQCD. This is because the charm quarks have 
rest masses of 1.3 GeV, putting their interactions in the region of pQCD. 
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CHAPTER 3. J/Ψ PRODUCTION 
 
 This chapter will cover the factors that contribute to calculating the probability of charm-
anticharm quark pairs forming in the hard scattering of partons. It will cover a few of the various 
models that have been considered since the J/Ψ’s experimental confirmation. It will finish by 
going through a derivation of the cross section that defines the polarization parameters of J/Ψ. 
Chapter 3.1. Hard-Scattering Parameters 
 In a collision between hadrons, the partons that make up their structure will interact 
through the strong force. Consider the hard scattering of a quark with momentum pa, and 
antiquark with momentum pb, from two different hadrons in Figure 9. If we define the quantity q 
as the difference between the two momentums, then we define the square of the momentum 
transfer, Q2, as -q2. 
 
 
Figure 9. Feynman diagram of a hard scattering between a quark and antiquark. 
 
 In addition to Q, we also define the momentum fraction, x that the parton carries from its 
parent hadron. In this example, if the quark with momentum pa came from a hadron carrying 
momentum phadron-1, then the momentum fraction, x1, is defined as  
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pa / phadron-1. From this quantity we then define the PDFs, f(x),. Figure 10 shows the parton 
distribution functions for gluons and the first two generations of quarks. 
 
 
Figure 10. Plot showing the parton distribution functions of gluons as well as the first two 
generations of quarks at Q = 2 GeV. [4] 
 
 Taking the quantities Q, x, and f(x) we then calculate the differential cross section, dσ, of 
heavy quarks forming from a hadron-hadron collision. This is diagramed in the example collision 
in Figure 11 with hadrons h1 and h2 producing partons c and d. 
 
Figure 11. Feynman diagram of a hadron-hadron collision producing a parton pair c and d. 
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dσ for producing partons c and d is calculated by first summing up all possible partons, a and b, 
and their individual scattering cross sections, d
€ 
σ
^
, multiplied by the parton distribution functions, 
fa/h1(x1) and fa/h2(x2). It is finished by then integrating over the momentum fractions x1 and x2: 
 
If c and d in the aforementioned process are charm and anticharm quark, they will most likely 
hadronize with other partons in the collision to create open charm hadrons such as D mesons. In 
order for a J/Ψ to hadronize, the charm-anticharm pair needs to be close enough, on the order of 
femtometers. As stated in the previous chapter, there have been a number of different models 
that attempt to describe how the charm-anticharm hadronize into a J/Ψ. And each of them has a 
prediction as to what the color state of the quark pair was like before they hadronized. 
Chapter 3.2. Hadronization Models 
 The color evaporation model (CEM) was the first hadronization model considered. It 
assumes that, if the color state of the two quarks is not color neutral following their formation, 
their color is neutralized by gluons within the hadron collision. It also does not take into account 
the spin states of the quarks [8]. The neutral quarks then combine to form a J/Ψ. The color 
singlet model (CSM) makes the assumption that the quark pair is already in its color neutral state 
before hadronizing, and there are no other color states considered. It also makes the assumption 
that the spin state is the same before and after the hadronization [8]. In the color octet model 
(COM), it hypothesizes that the two quarks can be in one of a set of color octet states following 
their formation and takes into account the spin states. It will then emit one or more gluons in 
order to neutralize itself before the quarks hadronize [8]. 
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 In addition to predicting the color state of the pair prior to hadronization, each of these 
models has a unique prediction as to what the spin polarization state of the J/Ψ is following the 
hadronization. Here, the polarization state refers to the total angular momentum, J, that includes 
both the intrinsic, S, and orbital angular momentum, L, of the quarks that make up the particle. In 
order to measure the polarization, we cannot measure the J/Ψ directly, but instead we look at the 
decay products. One of the most commonly studied decay channels are di-lepton decays, either 
di-muon or di-electron. In these decay channels the charm and anticharm quark pair-annihilate in 
an electromagnetic process to produce a di-lepton pair, shown in Figure 12. 
 
Figure 12. Feynman diagram showing the electromagnetic decay of the J/Ψ into a di-electron 
pair. 
 
 Electromagnetic processes conserve parity, and therefore any polarization that the J/Ψ 
had, will be reflected in the lepton decay products. For this study, we are only looking at di-
electron pairs, which constitute 6% of all J/Ψ decays [7]. 
Chapter 3.3. Defining the Cross Section 
 In this portion, the derivation of the di-electron cross section from a hadron collision will 
be covered. The first step is to define the angular momentum eigenstate of the J/Ψ before the 
decay in terms of its total angular momentum j and magnetic spin state m in its rest frame: 
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We also define the angular momentum eigenstate of the di-electron pair in the rest frame of the 
J/Ψ in terms of the positron’s three-momentum, pe+, and the two helicities of the positron and 
electron, λe+ and λe-: 
 
From these two eigenvectors we then define the cross section as the sum of inner products of all 
helicity states of the two particles: 
 
Where U is a rotation and reflection invariant matrix and ρ is the spin density matrix of the J/Ψ. 
We define the angles θ and φ in terms of the three-momentum of the positron in relation to the x 
and z-axis, where the x and z-axis are assumed to lie in the production plane of the two colliding 
hadrons: 
 
Figure 13. The angles θ and φ of the positron’s momentum in relation to the x and z-axis. [16] 
 
We then make the assumption that both of our decay products have spin ½, since electrons and 
positrons have spin ½. We reduce the cross section down in terms of three constants and the 
angles of the positron’s three-momentum: 
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Each λ constant presented in the above equation is a polarization constant. Each constant’s value 
is expected to have a value between -1 and 1. 
Chapter 3.4. The Polarization Frames 
 In order to properly measure the polarization constants, we choose a common frame of 
reference. Throughout the years there have been a number of reference frames chosen for 
studying the polarization of J/Ψ. All of which make use of the x and z-axis within the plane of 
production of colliding hadrons, shown in Figure 14 by hadrons 1 and 2. The three most 
commonly used frames are called Helicity (HX), Gottfried-Jackson (GJ), and Collins-Soper 
(CS). Helicity defines its z-axis in the same direction of the J/Ψ within the lab frame. GJ’s z-axis 
points in the direction of the 3-momentum of one of the colliding hadrons boosted in the J/Ψ rest 
frame. CS defines its z-axis as the difference between the unit vectors of the colliding hadrons’ 
3-momentum boosted into the J/Ψ rest frame. For the polarization study in chapter 6, we will 
only be focusing on the helicity frame. 
 
Figure 14. Diagram showing the J/Ψ’s momentum defining the z-axis for the helicity frame, with 
colliding hadron three-momentum p1 and p2. [16] 
 
 Recalling that each of the hadronization models has a prediction as to what the spin state, 
the following details their predictions in the helicity frame. Figure 15 shows an example of the 
difference between two types of polarization: transverse and longitudinal. 
 • The color evaporation model expects there to be no polarization, this means that all λ 
constants to be 0 [8]. 
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 • The color singlet model in the helicity frame has contradictory predictions depending on 
how many orders are included in the pQCD calculation. At leading order, the polarization is 
expected to be transverse. But at next leading order it’s expected to be longitudinal [8]. 
 • The color octet model in the helicity frame has varying predictions of transverse 
polarization depending on which data is used [8]. 
 
Figure 15. Angular distributions of the leptonic decay products from J/Ψ. Transverse on the left 
and longitudinal on the right. Transverse is λθ < 0 and longitudinal is λθ > 0. [16] 
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CHAPTER 4. RHIC AND THE PHENIX DETECTOR 
 
 This chapter will introduce RHIC, PHENIX, and the primary components used for the 
J/Ψ analysis. It provides an overview of the cuts used to identify electrons in both data and 
simulated particle events for the polarization research. In addition it also details a description of 
the difference in PHENIX’s 2013 data taking Run in comparison to previous years. 
4.1. RHIC 
 The Relativistic Heavy Ion Collider, RHIC, is one of two operating heavy ion colliders in 
the world, with the other one known as the Large Hadron Collider (LHC). It is the only operating 
heavy ion collider in the United States, located on Long Island New York at Brookhaven 
National Labs. Like the LHC, it has accelerated several different heavy ions during its operation, 
including proton, Au, Cu, U, Pb, He, and deuteron beams. The center of mass energies for 
collisions span between 20 to 510 GeV [9]. Unlike the LHC, RHIC is the only collider in the 
world that produces polarized proton-proton collisions. Figure 16 shows a bird’s eye view of the 
RHIC complex facing north. PHENIX would be in the 8 o’clock position in the Figure. 
 
 
Figure 16. Overhead view of the Relativistic Heavy Ion Collider with the acceleration rings 
outlined. Photograph taken facing north. [17] 
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 RHIC consists of two 2.4-mile rings that intersect at 6 points as shown in Figure 15 [13]. 
The ions travel from the Linear Accelerator (Linac), and into the Booster where they are 
accelerated to higher energies. They are then injected into the rings via the AGS [10]. It uses 
superconducting magnets in its rings to steer heavy ions [13]. Two intersection points are where 
the STAR and the (then) PHENIX detectors are located. As of 2016, STAR is the only detector 
operating at RHIC. PHENIX is undergoing an upgrade to become a larger detector called 
sPHENIX. The discussions in this and the following chapters use data and simulations of 
PHENIX detector as it was configured during RHIC’s 2013 data-taking Run. This data-taking 
Run was solely centered on polarized proton-proton collisions at a center of mass energy of 510 
GeV.  
4.2. PHENIX Detector 
 The PHENIX detector, as shown in Figure 17, is a compilation of multiple devices to 
measure energy, momentum, time-of-flight, as well as electromagnetic shower, hadron, and 
muon identification [15]. It has four arms, two in the east and west directions for electromagnetic 
and hadron measurements, called the Central Arm, shown in the left hand Figure along with the 
x, y, and phi coordinates used. It has two arms at the north and south directions for muon 
identification, shown in the right Figure along with the z and y coordinates outlined. A uniform 
magnetic field pointing in the direction of the beam line is present just before charged tracks 
enter the Central Arm. This discussion will be focusing on the detectors in the Central Arm. 
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Figure 17. Beam view and side view of the PHENIX detector detailing the four arms during its 
2012 data-taking Run. [18] 
 
3.2.1. Drift chamber (DC) 
 The drift chamber is used for momentum and direction measurement of charged tracks. It 
uses a network of wires inside a gas filled chamber at a distance of 2.0 to 2.4 meters from the 
beam axis [11]. When a charged particle travels through the drift chamber, it ionizes the gas and 
the electrons produce a signal used to determine particle position. The momentum of a charged 
particle at the vertex of the collision is reconstructed using the magnetic field information, and 
tracing the particle’s trajectory. 
3.2.2. Electromagnetic calorimeter (EMCal) 
 The electromagnetic calorimeter measures the energy and position of electrons and 
photons [14] since these particles deposit all their energy in the calorimeter. It’s divided into 
eight sectors, six of which are Lead-Scintillator (PbSc) calorimeters, and two are Lead-Glass 
calorimeters. The position of a hit in the EMCal is recorded in cylindrical coordinates z and phi. 
3.2.3. Ring imaging Cherenkov detector (RICH detector) 
 The RICH detector is one of the primary sources of electron identification. When a 
charged particle travels through the gas inside the detector, it emits a ring of Cherenkov light, 
which is picked up by a system of photo-multiplier tubes (PMTs). At low momentum, electrons 
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will emit Cherenkov radiation in the RICH while pions and other charged hadrons do not emit 
Cherenkov radiation until about 5 GeV [12]. 
4.3. Electron Reconstruction 
 Electrons are charged particles that have a specific signature in multiple detectors. Since 
we want good charged tracks, we use parameters across the DC, EMCal, and RICH. For both our 
simulations and our data from p+p collisions for the polarization study, we have the following 
cuts on the electrons and positrons from J/Ψ decay. The bremsstrahlung study has its own 
separate set of parameters. 
 • To ensure our electron tracks are well measured, we use the energy, ecore, that is 
deposited into the EMCal. All tracks have ecore > 0.6 GeV. 
 • Since the electron tracks from J/Ψ are most likely to have momentum greater than 1 
GeV, and because we want good momentum resolution, we establish a momentum cut, p > 0.5 
GeV. 
 • In order to minimize computational time in the track matching for the data only, the 
aforementioned p cut is used along with an E / p cut > 0.5. Because the electron has low mass, 
it’s expected that the E / p measurement should be close to 1. 
 In addition to selecting good electrons using ecore, mom, and e / p, we use this more 
stringent selection: 
 • A variable called DEP, is a sigmalized measurement of the ratio of energy deposited 
into the EMCal divided by the total momentum of a particle, E / p. The absolute value of dep is < 
3. Figure 17 shows the distribution of dep for simulated electrons with individual pT between 0.0 
to 1.5 GeV and mom > 0.5 GeV. No other cuts are applied for purposes of Figures 18 through 
21. 
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Figure 18. Plot showing the dep distribution for simulation for the electrons with pT between 
with 0.0 to 1.5 GeV. 
 
 • For electron identification in RICH, we count the number of phototubes, n0, that are lit 
up in a ring around the electron track projection into the RICH. n0 is set to be greater than 1. The 
plot below shows the n0 distribution for charged tracks in simulation with individual pT between 
0.0 to 1.5 GeV, and mom > 0.5 GeV.  
 
Figure 19. Plot showing the n0 distribution for simulation for the electrons with pT between 0.0 
to 1.5 GeV. 
 
 • A variable called SDZ is a variable that is the sigmalized difference in the z coordinate 
between the track and the EMCal hit. This is used to make sure there’s proper track association 
with the hit in the EMCal. The absolute value of sdz is less than 4σ. The plot below shows the 
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distribution of sdz for charged tracks in our simulation with individual pT between 0.0 to 1.5 
GeV with mom > 0.5 GeV. 
 
Figure 20. Plot showing the sdz distribution for simulation for the electrons with pT between 0.0 
to 1.5 GeV. 
 
 • A variable called SDPHI is a variable that is the sigmalized difference in the phi 
coordinate between the track and the EMCal hit. This is also used for proper track association. 
The absolute value of sdphi is less than 4σ. The following plot shows the sdphi distribution for 
charged tracks in our simulation with individual pT between 0.0 to 1.5 GeV with mom > 0.5 
GeV. 
 
Figure 21. Plot showing the sdphi distribution for simulation for the electrons with pT between 
0.0 to 1.5 GeV. 
 
 
		
22	 	
4.4. 2013 Data Taking Run 
 During the data-taking year of 2013, PHENIX had undergone a change in its geometry; 
the eastern half of the VTX was removed during this time. The VTX detector component, which 
resides near the center of the detector, shown in Figure 22, consists of a carbon fiber structure 
with silicon detectors on staves bonded to it. 
 
Figure 22. Close-up of the location of the VTX in relation to the central arm. [18] 
 
 As electrons pass through the VTX’s silicon, they create bremsstrahlung, which are 
photons with low momentum. Their name translates as “breaking radiation” and they are formed 
when a charged particle travels through a medium. This is shown in the example in Figure 23. 
These photons interact with the material producing conversion electrons, which can contaminate 
the J/Ψ signal. 
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Figure 23. Bremsstrahlung created in the VTX silicon from a positron generated from a J/Psi 
decay. 
 
 Because the western half of the VTX was still present, it severely lowers the momentum 
resolution. Electron-positron pairs from J/Ψ with transverse momentum (pT) higher than 4.5 GeV 
are likely going into the same arm, both in west or east. In contrast to pairs from J/Ψ that have pT 
lower than 4.5 GeV, which are likely going into opposite arms, shown in Figures 24 through 28. 
These Figures show the invariant mass distribution of pairs that have been assembled from the 
2013 data taking Run at various ranges of pT for the pair as a whole: 0.0 and above, 0.0 to 1.5, 
1.5 to 2.5, 2.5 to 4.5, and 4.5 to 12.0 GeV. The plots are also split up into different arm 
combinations from left to right: both electrons in the west arm, both electrons in the east arm, 
and electrons splitting into opposite arms. When measuring the J/Ψ signal to determine the 
amount that is present, we use opposite-charged pairs (e+ e-) as well as same-charged pairs (e+ 
e+ and e- e-). When opposite-charged pairs are constructed from the particles in each event, there 
is a substantial amount of combinatorial background along with the J/Ψ signal. To subtract this, 
same-charged pairs are used since they are combinatorial. This technique has been used in the 
past to obtain a measurement of J/Ψ production in the Run 6 dataset [5]. The sum of invariant 
masses between 2.8 and 3.3 GeV after subtraction for each pT bin and arm combination is shown 
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in table 1 following the invariant mass plots. The same-charged pairs mass distribution have not 
been corrected for the difference in acceptance between same-charged and opposite-charged 
pairs. We do not expect a correction to our J/Ψ tally to be greater than 10%. 
 
Figure 24. Plot showing the invariant mass of opposite-charged pairs and same-charged pairs 
with pT from 0 and above. From left to right: pairs going into west arm only, east arm only, and 
opposite arms. 
 
 
 
Figure 25. Plot showing the invariant mass of pairs before and after combinatorial subtraction 
for pairs with pT between 0.0 to 1.5 GeV. 
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Figure 26. Plot showing the invariant mass of pairs before and after combinatorial subtraction 
for pairs with pT between 1.5 to 2.5 GeV. 
 
 
 
Figure 27. Plot showing the invariant mass of pairs before and after combinatorial subtraction 
for pairs with pT between 2.5 to 4.5 GeV. 
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Figure 28. Plot showing the invariant mass of pairs before and after combinatorial subtraction 
for pairs with pT between 4.5 to 12.0 GeV. 
 
Table 1. Table showing the counts of J/Ψ between 2.8 and 3.3 GeV in each arm combination 
after using same-charge pairs to subtract background. 
 
pT bin [GeV] WW Arm EE Arm Opposite Arm 
All pT 652 ± 39 1797 ± 47 10479 ± 281 
0.0 to 1.5 GeV 0 ± 0 0 ± 0 4843 ± 191 
1.5 to 2.5 GeV 0 ± 0 0 ± 0 3334 ± 163 
2.5 to 4.5 GeV 264 ± 21 475 ± 23 2155 ± 121 
4.5 to 12.0 GeV 376 ± 32 1275 ± 40 147 ± 30 
 
Based on the tally in our invariant mass plots, for pairs with pT below 4.5 GeV, we only focus on 
those that go into opposite arms. There is some amount of correlated background after 
subtraction. This is due to electron-positron pairs coming from jets, open heavy flavor decays, 
and Drell-Yan pairs [5]. However, the amount of correlated background is small enough that we 
can determine realistically how many J/Ψ can be used for the polarization measurements. 
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CHAPTER 5. BREMSSTRAHLUNG RECONSTRUCTION 
 
 The goal of this study is to see if the bremsstrahlung created by the J/Ψ di-electron pair in 
the VTX silicon can be successfully recombined to give a more accurate invariant mass. This 
procedure is done on both simulated and real data from Run 13. The hypothesis is that if 
bremsstrahlung photons are found within small opening angles, and their 4-momentum is 
recombined with the 4-momentum of the J/Ψ children, this will create an improved invariant 
mass peak. For this study, we make the assumption that both the electrons and bremsstrahlung 
originate close to the collision vertex before the track has bend considerably in the magnetic 
field, as shown in Figure 29. The opening angles, α or β, are calculated by finding the dot 
product of the electron and bremsstrahlung’s 3-momentum, e and b respectively. That value is 
then divided by the magnitude of their 3-momentum, and taking the arc-cosine:  
α or β = ArcCos((e • b)/| e || b |). 
 
Figure 29. Definition of the opening angle between a bremsstrahlung and the electron or 
positron. 
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5.1. J/Ψ Bremsstrahlung in Run 13 Simulation 
 The simulated data set is generated using PYTHIA, a particle event generator. The 
particle collisions for each event are proton-proton with center of mass energy set at 200 GeV. 
For each event we simulate one J/Ψ that decays into one electron and one positron. The detector 
simulations are realistic such that the VTX has been removed on the Eastern half of the detector.   
 For the simulations, a p > 0.6 GeV, e/p > 0.6, and n0 > 1 cut is used on electrons. For 
simulated photons we use a minimum energy cut of 0.1 GeV to not include those that have low 
resolution in the EMCal. Since the measurement of dz and dphi are the difference in the z and 
phi coordinates between a track and the nearest cluster in the EMCal, the photons will have a 
large difference. They are typically at least 7 cm and 0.03 radians respectively. But since the 
bremsstrahlung are photons that are expected at a small opening angle, these quantities are not 
used until the real data set from Run 13. To cut out electrons from the EMCal when finding 
photons, we flag clusters in the EMCal that have the same energy as their track data. That way, 
electrons are not accidentally being used as bremsstrahlung candidates, and the only energy 
we’re looking at are from the photons in the event. Photons are massless, neutral particles and 
will only leave a signal in the EMCal. Figure 30 shows the opening angle of photons between the 
positron and electron generated in the events. The momentum of the electron is gathered from 
the DC. And the photon momentum is taken from their energy and using the spherical 
coordinates θ and φ with respect to the vertex to determine the 3-momentum components. 
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Figure 30. The opening angle plot of photons between the electron (y-axis) and the positron (x-
axis). 
 
 The cluster of points near the plot’s axis is the bremsstrahlung that originated from either 
the electron or the positron. For subsequent plots, an electron-positron opening angle cut of > π/6 
is applied. This will cut out di-electron pairs from bremsstrahlung when we are looking for di-
electron pairs from J/Ψ. 
 Figure 31 shows the opening angles of the bremsstrahlung and their energy. Their low 
energy confirms that this is what we would expect from bremsstrahlung. 
 
Figure 31. Opening angle of the photon between the positron (left) and electron (right) versus 
their cluster energy. 
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 This plot is also showing that the bremsstrahlung that come from electrons are closer than 
ones from positrons. This artifact is possibly attributed to the charged particles bending in 
opposite directions in the magnetic field and the presence of the VTX’s silicon. 
 To recombine bremsstrahlung, we combine the photon’s 4-momentum with the 4-
momentum of the child that is within an opening angle of 0.07 radians. Figure 32 shows the 
effect of recombining all the bremsstrahlung within that angle, and then calculating the invariant 
mass of that di-electron pair. When counting the number of J/Ψ with invariant mass between 2.8 
and 3.4 GeV, there is a 19% improvement in the counts going from 18075 to 21490.	
 
Figure 32. A plot of invariant mass showing the effects of recombining bremsstrahlung for J/Ψ 
across all pT. They are assumed an opening angle of, at most, 0.07 radians. 
 
5.2. J/Ψ Bremsstrahlung in Run 13 Data 
 To isolate tracks that are electrons, in addition to the mom < 0.6 GeV, e/p < 0.6, and n0 > 
1 cuts, we reintroduce the cuts |sdz| < 4σ, |sdphi| < 4σ, and |dep| < 3σ. And just like the 
simulated data, the electron tracks are flagged such that they are not mistaken for a 
bremsstrahlung. Figure 33 shows the effect of recombining bremsstrahlung that have a minimum 
energy of 0.1 GeV and an opening angle smaller than 0.07 radians. For this process, we did not 
yet incorporate the use of same charge pairs to subtract background. Instead we used an 
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exponential curve to fit the background outside of the J/Ψ peak, and used that to subtract and 
obtain an estimate on the number of J/Ψ. 
 
Figure 33. Recombining bremsstrahlung with J/Ψ across all pT for the Run 13 data set. 
 The background increases after recombination because there are other sources of soft 
photons within the events that aren’t electrons; a heavier charged particle could give off more 
energetic bremsstrahlung and when recombining this photon, it subsequently creates a tail in our 
plots that extends towards larger invariant mass. The number of counts between 2.8 and 3.4 GeV 
between before and after recombination goes from 9378 to 11390, a 21% improvement. While 
there is an enhancement both qualitatively and quantitatively, we require confirmation that there 
is a presence of bremsstrahlung originating from the VTX on the West side. Figure 34 shows the 
angular difference of all photons with energy greater than 0.1 GeV with all electrons and 
positrons. These electrons and positrons come from J/Ψ candidates with an invariant pair mass 
between 2.9 and 3.3 GeV. 
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Figure 34. The	opening	angles	of	electron	and	photon	bremsstrahlung.	Top	left	is	for	positrons	
in	West	Arm,	top	right	is	for	positrons	in	the	east	Arm,	bottom	left	is	for	electrons	in	the	West	
Arm,	and	bottom	right	is	for	electrons	in	the	East	Arm. 
 
 The data shows a clear enhancement in both electron and positron plots in the West arm 
that is not present for the electrons and positrons travelling through the East arm. This confirms 
with the expectation that most bremsstrahlung would be generated in the silicon of the VTX, 
which, at the time of Run 13, was only on the west side. 
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Chapter 6. SIMULATED J/Ψ POLARIZATION 
 
 This chapter will go over the parameters involved in the simulated p+p events for the 
year of 2013. The simulations are essential in determining the accuracy when obtaining the λ 
constants from real data. It will focus on only the J/Ψ in the 0.0 to 1.5 GeV pT bin in the helicity 
frame with di-electron pairs going into opposite arms. This chapter will detail the essentials of χ2 
values when performing fits to find the polarization constants, as well as determining the χ2 
minimum. It will finish by reviewing the results of fits for J/Ψ with pT between 0.0 to 1.5 GeV. 
6.1. Simulation Parameters 
 When examining the distribution of J/Ψ in cos(θ) and φ, it’s expected that the acceptance 
and efficiency of the detector will have a significant effect on the distribution that we see. In 
order to examine the acceptance and efficiency a fake data set is made that has approximately the 
same amount of J/Ψ as our real data in the 0.0 to 1.5 GeV pT bin. This fake data set contains no 
polarization for J/Ψ. 
 Like the simulations for the bremsstrahlung study, a fake data set is generated using 
PYTHIA. The particle collisions for each event are proton-proton with COM energy set at 510 
GeV. The vertex of the collision is within ± 35 cm of the center of the detector. As in the 
previous study, each event has one electron and one positron coming  from a J/Ψ decay, and the 
VTX has been removed on the Eastern half of the detector. When generating pairs, the event is 
required to have the J/Ψ, the electron and the positron within ± 0.5 units of pseudorapidity. 
Figure 35 shows the J/Ψ peak for simulations for pairs with pT between 0.0 to 1.5 GeV pT. There 
are 4849 ± 70 J/Ψ with invariant mass between 2.8 and 3.3 GeV. Only the plot for pairs going 
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into opposite arms is shown since there are no pairs with both electrons going into the same arm 
in this pT range. 
 
Figure 35. Plot showing the J/Ψ peak for J/Ψ with pT between 0.0 to 1.5 GeV pT for pairs going 
into opposite arms. There are 4849 ± 70 J/Ψ between 2.8 and 3.3 GeV. 
 
 Figure 36 shows the number of J/Ψ for the fake data set used to model our real data for 
pairs with 0.0 to 1.5 GeV pT. It shows the number of J/Ψ before any vertex cuts, pseudorapidity, 
detector acceptance and efficiency, or electron cuts are applied. 
 
Figure 36. Polarization distribution of the simulated J/Ψ before any detector acceptance and 
efficiency is applied. 
 
 Figure 37 shows the number of J/Ψ after Running the fake data through the detector 
simulation and reconstruction to obtain the acceptance and efficiency. In addition to accounting 
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for the acceptance and efficiency. Only pairs with invariant mass between 2.8 and 3.3 GeV are in 
Figure 37. 
 
 
Figure 37. Polarization distribution of the J/Ψ after going through detector acceptance and 
efficiency plus the established electron cuts. 
 
 Figure 38 shows the individual J/Ψ peaks, sorted by the cos(θ) and φ bins of the top right 
quadrant of the previous plot.  
 
 
Figure 38. The J/Ψ peaks showing the relative amount of J/Ψ per bin in the upper right quadrant 
of the polarization plot. 
  
 The uneven distribution of J/Ψ in the previous two plots suggests that the average 
position of J/Ψ in cos(θ) and φ is not the same as the actual bin center. To establish the points 
that define the average cos(θ) and φ, we create a larger fake data set that contains approximately 
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10 times the number of statistics as our original set. The next plot in Figure 39 shows the 
distribution of J/Ψ from the large set of fake data after PISA processing. So when fitting the 
corrected plot that accounts for acceptance, we use the mean value of cos(θ) and φ with the mean 
value error defined as the RMS divided by the square root of the number of entries for the large 
set of fake data. 
 
 
Figure 39. Distribution of J/Ψ for the large set of fake data that defines our acceptance and 
efficiency. 
 
 The next plot, Figure 40, shows the original set of fake data after dividing by the large set 
of statistics to determine the acceptance and efficiency of the detector. Since the large set, like 
the original fake set, has a uniform distribution of J/Ψ before reconstruction, its output after 
reconstruction can be used to emulate the acceptance and efficiency. These numbers along with 
the average points are what will be used to fit to test for polarization. Since there is no 
polarization, it is expected that all three λ variables will be close to 0. 
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Figure 40. Plot showing the number of entries in the original fake data set after correcting for 
acceptance and efficiency. 
 
6.2. Fundamentals of χ2 
 When determining the quality of a fit for a set of data, χ2 values are most often used. It is 
a mathematical test designed to examine the difference between the data and the expected value. 
In our case, the expected value is the fit contour of the two-dimensional plot of cos(θ) and φ. χ2 
is determined through summing up the squares of the differences of each point between data (D) 
and expected value (E), divided by the square of the error, σ: 
 
 When determining the χ2 value of a fit, it is customary to determine the number of 
degrees of freedom (NDF) to calculate the reduced χ2 statistic. The NDF is defined as the 
number of points that are fit (N) minus the number of free parameters for fitting (F): N – F. If the 
fit for our points has been performed correctly, dividing χ2 by the NDF should give a reduced χ2 
value close to 1. Large values of χ2 indicate a poor fit. 
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6.3. Minimizing the χ2 Values 
 To find the combination of λ coefficients that produce the lowest χ2, the computer goes 
through all possible λ combinations between -1 and 1 in steps of 0.02. Since there are three λ 
coefficients, λθ, λθφ, and λφ, this means there are exactly 1,000,000 λ combinations. For an 
unpolarized set of data, we expect all three λ coefficients to be 0. When the fit is performed, the 
normalization (N) is left as the one free parameter:
 
 After extracting the best value of the normalization parameter, we calculate the reduced 
χ2 for the fixed values of λ. The minimum that was found when searching for the lowest reduced 
χ2 was found to be 0.88.  
 • λθ: 0.14 +0.50 / -0.36 
 • λθφ: -0.02 +0.32 / -0.32 
 • λφ: -0.14 +0.28 / -0.36 
The error associated with this minima was found by holding two of the minimized λ constants 
and finding the range of the remaining λ constant that corresponds to χ2 between 0.88 and 1.88. 
Figures 41 and 42 are λ-χ2 contour plots showing the minimized value of χ2 equal to 0.88 and 
the contour of χ2 equal to 1.88 when the remaining λ constant was close to its minimized value. 
We choose 1.88 because it is the lowest reduced χ2 plus one. That tells us the one sigma width 
around the lowest χ2. 
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Figure 41. Plot showing the contour of χ2 equal to 1.88 when λθφ = 0.00. The minimized value is 
shown by the red dot. 
 
 
Figure 42. Plot showing the contour of χ2 equal to 1.88 when λφ = -0.14. The same minimized 
value is shown by the red dot. 
 
 In addition to this minimization, at each step of each λ constant, we fill a series of two-
dimensional plots with the value of the χ2 as the weight: λθ versus λθφ, λφ versus λθφ, and λθ 
versus λφ. This means that each plot in Figures 41 through 43 has 10,000 bins each filled 100 
times. This allows us to better visualize the correlation between the λ constants when fitting, as 
well as showing the width of the χ2 minima. Low correlation between fit parameters indicates 
that the fit is good quality. Meaning each fit parameter should not affect one another. And the 
width of the minima will provide a metric to determine the error on the fit. Since we are ignoring 
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bins with 0 entries in both the original and large fake data set, there are 63 points in our corrected 
fake data plot, shown in Figures 43 through 45. Since the normalization is treated as the one free 
parameter, the NDF is equal to 62. 
 
 
 
Figure 43. λθ versus λφ. 
 
 
 
Figure 44. λφ versus λθφ.  
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Figure 45. λθ versus λθφ. 
 
 Figures 44 and 45 indicate that λθφ has low correlation with the other two λ variables. 
But Figure 43 shows that there is a strong correlation between λθ and λφ. To emphasize this 
correlation, Figure 46 shows the distribution between λθ and λφ when λθφ was equal to -0.02. 
 
Figure 46.  λθ versus λφ only including points where λθφ was equal to -0.02. 
 
 To verify our minimizer code and determine how accurate the minimizer error estimates 
are, we produced randomized data sets histograms. For each of the bins that are non-zero, the 
new bin of the randomized histogram will have statistics equal to a random number based on a 
Gaussian using the bin entries as the mean, and the error as the sigma. Each random histogram is 
divided by the larger fake data set to account for acceptance and efficiency. We then use the 
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ROOT fitting package, based on χ2 minimization, to determine the values of λθ, λφ, and λθφ for 
each histogram. Since we had 1000 randomized histograms we obtain 1000 values for each of 
the three parameters. Each λ constant from each fit is plotted one-dimensionally and then 
integrated over all λ from -1 to 1. The plots in Figure 47 are normalized such that the total 
integral equals 1 and the histogram is plotted only for the range where the integral varies from 0 
to 1. The red lines show the closest integral to 68% of the entries (680 minima) centered on the 
mean value for each λ. These red lines indicate the one σ error for these plots. Since the 
distribution is not Gaussian, we cannot use the RMS as the error. From left to right, λθ, λθφ, and 
λφ. Table 2 shows the mean value, the range spanning between 16% and 84% of the integral (the 
68% of the tallies), the range of χ2 spanning between 0.88 and 1.88 from the original fake data 
set, and the RMS value. 
 
 
Figure 47. Integrals that were performed on the 1000 minima from the randomized plots. 
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Table 2. Mean values from Gaussian fits and RMS values of the entire distribution for each λ 
constant for the minimizer method. 
 
 λθ  λθφ λφ 
Mean 0.54 -0.03 -0.51 
68% Integral around 
Mean 
-0.34 / + 0.38 -0.03 / +0.07 -0.37 / +0.27 
0.88 < χ2 < 1.88 -0.36 / +0.50 -0.32 / +0.32 -0.36 / +0.28 
RMS 0.31 0.12 0.29 
 
 As a double check on the distribution that is seen with the minimizer, we generate 
another set of 1000 randomized histograms. But this time, instead of fixing each λ combination 
and calculating the χ2 from the fit we let all fit parameters be free but have each λ constrained to 
only fitting between -1 to 1. Figure 48 shows the normalized integral going from -1 to 1. Table 3 
shows the means, the range spanning between 16% and 84% of the integral, the range of χ2 
spanning between 0.88 and 1.88 from the original fake data set, and the RMS. 
 
Figure 48. Integrals that were performed on the 1000 root fits from the randomized plots 
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Table 3. Mean values from Gaussian fits and RMS values of the entire distribution for each λ 
constant for the root fit method. 
 
 λθ  λθφ λφ 
Mean 0.57 -0.04 -0.53 
68% Integral around 
Mean 
-0.33 / +0.39 -0.08 / +0.08 -0.39 / +0.29 
0.88 < χ2 < 1.88 -0.36 / +0.50 -0.32 / +0.32 -0.36 / +0.28 
RMS 0.32 0.13 0.30 
 
Comparing the two sets of histograms shows that the minimizer code is functioning correctly. 
The uncertainty predictions show that the polarization analysis of the Run 13 data set is feasible 
in the Central Arm, on the condition that the strong correlation between λθ and λφ is accounted 
for.  
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CHAPTER 7. CONCLUSIONS AND OUTLOOK 
 
 In this paper we presented the accuracy of finding the J/Ψ polarization of unpolarized J/Ψ 
using simulation and a method that involves searching for the lowest χ2 minima. We used a 
method where a fake data set was used to emulate the amount of J/Ψ seen at 0.0 to 1.5 GeV pT in 
the data. We then discussed the importance of using the average cos(θ) and φ as the bin center 
when fitting, since the fake data indicates that there is an uneven spread of J/Ψ. We also 
discussed using a larger fake data set to define our acceptance and efficiency of the detector. 
After accounting for the detector acceptance and efficiency, we performed multiple fits on the 
corrected plot using different λ combinations and searched for the combination with the smallest 
reduced χ2. We found that comparing randomized plots fitted with the minimizer to those fitted 
with root shows that the minimizer code is working correctly. There is also a strong correlation 
between λθ and λφ, which needs to be accounted for in future work. The bremsstrahlung analysis 
in simulation shows that there is a 19% improvement in J/Ψ statistics when recombining the di-
electron pair. The data set from Run 13 gave a 21% improvement in J/Ψ statistics. This is under 
the condition that bremsstrahlung have energy at least 0.1 GeV and an opening angle of 0.07 
from their parent electron. The tail that extends towards the higher invariant mass could be 
reduced if other sources of bremsstrahlung or soft photons are accounted for. 
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